1 Introduction Since the introduction of the alkali element sodium Na in the 1990's [1] into the research of Cu(In,Ga)Se 2 (CIGS) type solar cells, the investigation of the role of alkali elements in such photovoltaic materials has spawned a large number of studies and publications on that topic over the following decades, e.g. [2] [3] [4] [5] . From early experiments with other alkali elements by using alkali fluoride precursors for doping of CIGS layers, it was concluded that Na is the most effective alkali element for increasing the efficiency of CIGS solar cells [6] . Despite these findings and despite the long and intensive study of the effect of Na on CIGS solar cells, another major step in CIGS research could be taken within this very same field of investigation just recently. By discovering the beneficial effects of a different alkali element for CIGS (i.e. potassium) and by the deliberate use thereof by post deposition treatment (PDT), device performance could be boosted once more [7] [8] [9] . Again a whole new realm of scientific investigations was opened leading to a fast rise of record efficiencies by using this technique: 20.4% to 21.0% (EMPA: 20.4% [9] , ZSW: 20.8% [10] , Solibro 21.0% [11] ). In this contribution we show how we have followed this logic even further by introducing two more alkali elements. We describe the impact such new elements have on CIGS device performance and also some interactions between alkali elements in the absorber material.
Experimental methods 2.1 Processing of CIGS cells
In our standard procedure for high-efficiency CIGS solar cell manufacturing, we begin with washing the alkali-aluminosilicate glass substrate. Next, we deposit a thin film of sputtered molybdenum (500-900 nm). Then we co-evaporate Cu, In, Ga, and Se to grow the CIGS semiconductor layer in a multi-stage process (2.5-3.0 μm). After the CIGS process, we perform an alkali post deposition treatment PDT similar to the procedure employed in Ref. [9] . After taking these samples out of the vacuum chamber, we dip these into a chemical bath to form a thin layer of CdS (30-50 nm). On top of that, we sputter (Zn,Mg)O or undoped ZnO (50-100 nm), and Al-doped ZnO (150-200 nm). Finally, we evaporate a nickel/aluminium/nickel grid for contacting the completed cell. The resulting cell area is about 0.5 cm 2 . For highefficiency cells we also evaporate an anti-reflective coating (ARC) of MgF 2 on top of the whole cell stack.
We report on the use and effect of the alkali elements rubidium and caesium in the place of sodium and potassium in the alkali post deposition treatment (PDT) as applied to Cu(In,Ga)Se 2 (CIGS) solar cell absorbers. In order to study the effects of the different alkali elements, we have produced a large number of CIGS solar cells with high efficiencies resulting in a good experimental resolution to detect even small differences in performance. We examine the electrical device parameters of these fully functional devices and observe a positive trend in the I-V parameters when moving from devices without PDT to KF-, RbF-, and eventually to CsF-PDT. A diode analysis reveals an improved diode quality for cells treated with heavier alkalis. Furthermore, secondary ion mass spectrometry (SIMS) measurements reveal a competitive mechanism induced within the class of alkali elements in the CIGS absorber induced by the alkali post deposition treatment.
Characterisation
For the analytical description of the CIGS solar cells, current-voltage (I-V) analysis was performed under a simulated AM 1.5 G spectrum at 25 °C with a four-point measurement setup. The obtained data was further analysed by diode analysis according to the one-diode model. In addition, we have measured the integral CIGS composition with an X-ray fluorescence spectroscopy (XRF) instrument from EDAX (Eagle XXL). The determined compositional ratio values as the Cu/(Ga + In) (CGI) and Ga/(Ga + In) (GGI) ratios represent average values that do not further specify the compositional grading in the depth of the CIGS absorber as shown in [12] . In order to determine the amount of the various alkali elements in the CIGS absorber, secondary ion mass spectrometry (SIMS) was performed in a LEYBOLD LHS 10 system with a secondary ion and neutral mass spectrometer module (SSM 200) using a Balzers 511 quadrupole for mass separation. For actual quantification we have produced implantation standards and have again measured these with SIMS to obtain a calibration curve for various alkali elements in device related CIGS material.
Results and discussion
The deliberate introduction of potassium by PDT to CIGS and its large impact in the form of a significant V oc -gain in devices and also its potential to give a better access to high band gap CIGS devices [10] , has led us to the assumption that the heavier alkali elements rubidium Rb and caesium Cs could evidence even more beneficial effects for device manufacturing if applied with the PDT method.
In order to compare the effect of the different alkali elements applied by PDT in a statistically most relevant way, we have selected a large set of CIGS production runs, that was realised over a two year period between March 2013 and March 2015, including a total number of 1491 CIGS solar cells. All these cells were produced without an ARC. Although some differences remain between these runs over this long time period, we have applied as many selection criteria as possible to ensure the highest degree of comparability as possible. For example, only CIGS solar cells with the same chemical bath deposited (CBD) buffer, CdS, were included and also the range of possible CIGS absorber compositions of the individual solar cells was restricted to the following ranges: 0.88 ≤ CGI ≤ 0.92 and 0.30 ≤ GGI ≤ 0.33. Also only efficiencies greater or equal to 15.0% (w/o ARC) were included in order to avoid irrelevant data that is often due to trivial reasons without any significance with regards to device physics. It has to be noted that most data sets for each individual alkali compound used for PDT are skewed for each re- compounds used for PDT. In particular, one can see that there is, in fact, an additional benefit from going beyond potassium to rubidium and caesium. This gain in efficiency for all alkali compounds is due to a gain in V oc . However, the trend in V oc is not as consistent as in ETA since the gain in V oc for KF-PDT is higher than for RbF-or CsF-PDT. Yet, CIGS solar cells with RbFand CsF-PDT still exhibit higher efficiencies due to the accompanying loss in J sc for KF-PDT. The cause for the consistent trend in efficiency can be seen when we multiply the factors V oc and J sc as depicted in Fig. 2(a) . There we see that the gain in V oc for KF-PDT is larger than the loss in J sc and that the overall gain of V oc combined with the respective J sc values is even higher for RbF-PDT and CsF-PDT. One explanation for this positive trend in V oc and device performance towards heavier alkali elements in PDT, is the improvement of diode quality as expressed by the ideality A-light (derived from the illuminated I-V curve by diode analysis with a one-diode model) (see Fig. 2(b) ). A similar trend can be seen in the saturation current density (not shown here). Apart from that, we also find in the bottom left plot of Fig. 1 a very slight positive gain in FF for the alkali treated CIGS cells. In addition to average or median values we also see a positive efficiency trend towards heavier alkalis applied with PDT in the ZSW record de- vices as listed in Table 1 . With this we demonstrate that the above results, obtained with the large data set, have a high degree of relevance even for high efficiency CIGS devices. The I-V curve of the most current device is displayed in Fig. 3 .
In order to better understand the mechanisms involved in the PDT procedure with these different alkali elements, we have performed a depth profiling analysis with secondary ion mass spectrometry (SIMS). However, before being able to actually quantify the alkali elements with this method, we had to produce and measure implantation standards for each element. By that we are able to compare the absolute alkali content in PDT cells and in those without PDT. The resulting general observation is that the heavier alkalis, that are introduced by PDT into the already grown CIGS absorber, tend to push out the lighter alkalis already present in the material (Na and K). This applies for all alkali compound PDT´s described in this contribution (KF, RbF, and CsF). By way of example, we have plotted such a depth profile comparison for two samples with (thick lines) and without CsF-PDT (thin lines) in Fig. 4 . Both samples originate from the same CIGS run from positions in the CIGS deposition field directly beside each other so as to guarantee true comparability apart from PDT. Thus it is now possible to compare the sodium and potassium levels in both samples and correlate the difference with PDT. The copper signal is taken as a reference level for both SIMS measurements to determine the alkali concentrations. Both signals lie more or less on top of each other. This fact ensures that a comparison of the absolute levels of the alkali signals is legitimate. In addition, the copper signal also indicates the range in which the CIGS compound is present. For the sake of clarity in graph of Fig. 4 all other elements have been omitted. With that we can now clearly see that by CsF-PDT the absolute content of sodium and potassium is reduced from 132 ppm to 59 ppm and from 80 ppm to 34 ppm respectively. This reduction, however, is not only observed at the surface of the CIGS absorber from where the PDT is applied, but is effectuated throughout the whole depth of the absorber. Atom probe tomography (APT) analysis on CIGS devices showed accumulation of sodium at grain boundaries, but nevertheless concentration of sodium in the bulk is comparable to the integral concentration of Na in the grain boundaries [16, 17] . Later a similar finding was also published for potassium [18] . So far it is unclear whether Rb and Cs push away Na and K only along the grain boundaries or also in the bulk of the grains. APT measurements of CIGS layers after PDT with Rb will hopefully give an answer to this question in the near future.
Conclusion
We have further developed the alkali post deposition treatment (PDT) for CIGS solar cells by successfully introducing the heavier alkali elements rubidium and caesium. Significant performance gains could be demonstrated for CIGS devices treated with RbF-or CsF-PDT compared to KF-PDT or no-PDT devices. The reason for that appears to be a better diode quality. Furthermore, a SIMS analysis has provided insight into some of the competitive mechanisms that take place within the CIGS absorber induced by PDT with heavier alkali elements: The lighter alkali elements are being driven out of the absorber. Future studies will have to more directly prove whether this process predominantly takes place at the grain boundaries or not.
